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Abstract of thesis entitled: 
Mitotic Recombination of Candida albicans ADE1 
� Submitted by Siu Yau Lung, Philip 
for the degree ofMaster ofPhilosophy 
at The Chinese University ofHong Kong 
Both practical and theoretical significance prompt the genetic research of human 
fungal pathogen Candida albicans. This most common medical fungus has a 
unique life cycle and replicates by clonal propagation. Such meiosis-free 
environment is a distinctive feature seen in other yeasts such as Saccharomyces 
cerevisiae and is representative of human somatic cells and many other obligate 
diploid organisms. 
One of the unique genetic features of this diploid organism is "Natural 
heterozygosity", which denotes the presence of one functional allele and one 
defective allele at certain loci. Genes related to the biosynthetic pathway such as 
ADE2, ARG1, and URA3 are found to be natural heterozygous. 
Recent data from our laboratory revealed that gene conversion, not crossing over as 
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previously presumed, plays a predominant role in UV-induced mitotic segregation 
of heterozygous ADE2 alleles of the fungus. Replica analyses of twin-sectored 
segregants indicated that gene conversion is responsible for the maintenance of 
natural heterozygosity in this fungus. 
I studied mitotic recombination of heterozygosity at another genetic locus, ADE1. 
Disrupted ADE1 {adel::URA3::adel) was constructed, and used to generate 
heterozygous ADE1 derivatives of C. albicans CAI4. Analyses of mitotic 
segregants indicated that mitotic crossing over and gene conversion participated 
equally in the formation of twin-sectored colonies at the particular locus and 









本實驗室的最近的硏究表明& 0 ® ^ (gene conversion)，而非基因交換 
(crossing over)是維持基因雜合的主要機制。 
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Chapter One Introduction 
1.1 Thesis outline 
The thesis is divided into five parts. In Chapter One, a brief introduction of C. 
albicans is outlined. This Chapter consists of background information on C. 
albicans, its genome, parasexual and molecular genetics, the concept of natural 
heterozygosity and the aim of this study. 
Chapter Two describes the construction of dismptedXDE7 gene. 
In Chapter Three, a combined DNA transformation method using LiOAc treatment 
and electroporation is described. Integrative transformation ofUra" auxotrophic C. 
albicans CAI4 using the disrupted ADE1 gene produced heterozygous ADE1 
derivatives, containing one functional ADE1 allele and one defective adel allele. 
In Chapter Four, the mechanism for maintaining ADE1 heterozygosity in C. albicans 
was examined. The heterozygous ADE1 derivatives were subjected to UV 
irradiation. Analyses of twin-sectored colonies verified that gene conversion plays 
a significant role in maintaining the natural heterozygosity in C. albicans. 
1 
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Finally, conclusion, remarks and future perspective are given in Chapter Five. 
�1.2 Candida albicans 
C. albicans is a dimorphic, human pathogenic fungus described a century ago 
(Robin, 1953). It is ellipsoidal, with an average diameter of 4 to 6 mm. Since no 
ascopores has been found, C. albicans is classified as Fungi Imperfecti. It survives 
in both human and animals, capable of causing mucosal and systemic infection 
(Saltarelli, 1989). People who use board-spectrum antibiotics, steroid or other 
immunosuppressive agents, or patients with diabetes mellitus and AIDS, risk higher 
infection rates. Diseases caused by Candida species are termed "Candidiasis". 
Another interesting feature of C. albicans is its ability to grow in at least two 
different morphologic forms (Odds, 1988). The development of molecular genetics 
in C. albicans was largely hindered by its diploid nature and absence of a sexual 
cycle (Scherer and Magee, 1990; Shepherd et al.’ 1985). It multiplies itself by 
multilateral budding (Kurtz et al., 1990; Pujol et al., 1993). 
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1.3 Physical characterization of C. albicans 
1.3.1 Strain identification 
�Systems for strain delineation have been established for both pathogenic and 
epidemiological studies of C. albicans, based mainly on phenotypic differentiation 
and molecular genotypes (Merz, 1990; Poulter, 1991; Odds et aL, 1992). 
Typing of C. albicans by phenotypic characterization include morphologic typing, 
serotyping, resistotyping, biotyping and killer toxins typing. Morphologic typing 
of C. albicans bases on the differences in colony morphologies (such as typical, 
smooth, white colony or wrinkled surface) on defined media and at different 
temperature. A six-digit code system has been generated to different morphotypes 
for simple differentiation (Phongpaichit et al., 1987). The degree of agglutination 
of C. albicans to monoclonal antibodies has been used for serotyping (Brawner and 
Cutler, 1989). Resistotyping makes use of the ability of different strains to grow on 
solid media containing various inhibitors or chemicals (Meinhof, 1982; Hunter and 
Fraser, 1987). Biotyping is based either on the assimilation of carbon sources or 
the detection of extracellular enzymes (Odds and Abbott, 1983). Production of 
killer toxins has been documented in many species of yeasts, such as Hansenula and 
Pichia, which has used in typing of C. albicans strains (Polonelli et al., 1983; 
3 
Morace et al., 1984). 
The development ofmolecular biology provides approaches to explore the structure 
and function of the genetic makeup for elucidating C. albicans. Two DNA-based 
genotypic methods have been applied, including the separation of chromosome-
sized DNA molecules to determine an electrophoretic karyotype and the detection of 
restriction enzyme DNA fragment polymorphism by gel electrophoresis or genomic 
hybridization. 
Electrophoretic karyotyping depends on the separation ofhigh molecular weight C. 
albicans chromosomes using pulsed-field gel electrophoresis (Lott et al., 1987; 
Lasker et al., 1989). Limitations of the method include the need for specialized 
equipment, the limited number of isolates that can be included on a single gel and 
the prolonged turnaround time. The emerging of restriction fragment length 
polymorphisms (RFLPs) helps to avoid these problems. 
RFLP delineates strains of C. albicans based on their variation in DNA sequences. 
In brief, DNA is extracted from isolates and digested by specific restriction enzymes. 
The restriction fragments are analyzed mainly on the basis of molecular size by 
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electrophoresis or by DNA hybridization with species-specific DNA probes (Magee 
et al.，1987; Scherer and Stevens, 1988). 
The rapid development of species-specific PCR-based techniques has been 
employed for strain delineation. Highly conversed intergenic spacer regions of 
ribosomal DNA (rDNA) have been selected for PCR amplification (Miyakawa et al., 
1992; Niesters et al., 1993). Species-specific DNA probes (Elie et al, 1998; Shin 
et al.’ 1999)，single-strand conformational polymorphism (SSCP) (Walsh et al, 1995) 
or species-specific restriction enzyme (William et al, 1995; Xu et a!” 1999) have 
been included in some methods to increase specificity. Recently, publications for 
Candida species identification shifts to the use of randomly amplified polymorphic 
DNA (RAPD) (Gyanchandani et al., 1998; Melo et aL, 1999). 
1.3.2 Dimorphism 
Dimorphism is an environmentally controlled reversible transition between budding-
yeast form to hyphal form (Fig. 1.1) (Satarelli, 1989). C. albicans is able to alter 
between these two distinct phenotypes, although several different morphologic 
forms have been reported (Odds, 1994). Reports have been shown that the 
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Fig. 1.1 Dimorphiic phenotypes of C. albicans, (a) Elongated mycelial form cells, (b) 
Budding yeast form cells. Bars equal to 2 mm. (Adapted from Shepherd, 1987) 
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transition to mycelial form is crucial for its virulence (Kobayashi and Cutler, 1998) 
I 
with non-filamentous C. albicans mutants are non-pathogenic (Lo et al., 1997). A 
number of factors related to morphological transition, such as serum, temperature, 
pH (Lee et al., 1975; Holmes and Shephred, 1988; de Bemardis et aL, 1998) and 
proline (Land et al., 1975; Dabrowa et al., 1976)，have been identified. These 
results suggested that the phenotypic switching was associated with nutrient 
supplementation or growth conditions (Fig. 1.2). 
The cell surface of C. albicans has been examined thoroughly as it is the point of 
contact to its host tissue, barrier of drug entry and secretion ofhydrolyzing enzymes 
(Fig. 1.3) (Shepherd, 1987). The major components of this fungal cell envelope 
are mannoproteins and p-glucans, with only a small amount of chitin. All of these 
components are covalently linked (Elorza et al., 1994). 
Several reports have indicated that there is a change in the cell wall morphorgenesis 
during the yeast-mycelial transition. The significance of chitin content, which is 
increased for ten times in mycelial form, is a likely determinant of morphology in C. 
albicans (Braun and Calderone, 1978)，while the total lipid content is lower in yeast 
form (Ghannoum et al., 1986). Later, reports have been published on the isolation 
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Fig. 1.2 Relationship between the nutritional status of the ceUs and 
morphogenesis. A number of factors that related to morphological transition, such 
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Fig. 1.3 Proposed structure for cell wall of C. albicans. Three main types 
components, mannoprotein, P-glucan and chitin, are separated in layers outside the 
plasma membrane. (Adapted from Shepherd, 1987) 
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of different morphological mutants (Pomes et al., 1985; Gil et al., 1990) and 
chromosomal rearrangement (Suzuki et aL, 1989; Barton and Scherer, 1994). The 
� term morphology index in cellular morphology describes the mathematical ratio of 
the length and diameter of C. albicans cells, which approximately equal to one for 
round-shaped yeast cells and four for mycelial cells (Merson-Davies and Odds, 
1989). Many genes are found to relate in morphogenesis, including those are 
hyphal-specific and responsible for pathogenicity of C. albicans (Saporito-Irwin et 
al., 1995; Leberer et aL, 1996; Leberer et al., 1997; Miihlschlegal and Fonzi, 1997; 
Yaar et al., 1997; Alex et al., 1998; Gale et al., 1998; Zaragoza et al., 1998; Loeb et 
al., 1999; Perez-Martin et al., 1999). 
1.3.3 Genome of C. albicans 
Many ofthe earliest studies ofthe C. albicans genome focused on determination of 
the ploidy of clinical isolates. Flow microfluorimetry experiments in early 1980s 
suggested the genome of C. albicans was haploid (Olaiya et aL, 1980). However, 
other chemical methods indicated that those strains carried the same DNA content 
per cell as its diploid relatives, Saccharomyces cerevisiae (Buckley et al., 1982; 
Fieischman and Howard, 1988). 
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Direct measurements ofDNA content by phenylamine assays (Riggsby et al., 1982) 
or flow cytometry (Dvorak et al., 1987) gave genome size 37 fg (33 Mbp), which is 
very close to the value obtained with diploid S. cerevisiae. Experiments on 
measurement of total DNA content per cell, reassociation kinetics and 
electrophoretic karyotype of C. albicans provided further evidences of diploidy 
(Riggsby et al., 1982). 
1.3.4 Karyotype 
The emerging of molecular biology provides powerful means for determining the 
chromosome number in C. albicans genome. Different versions of electrophoretic 
karyotype involving pulsed-field gel electrophoresis in C. albicans have been 
developed (Snell and Wilkins, 1986; Magee and Magee, 1987). However, their 
results were not satisfactory. By using orthogonal field alternation gel 
electrophoresis (OFAGE), one group deduced six bands after electrophoresis (Snell 
et al., 1987), while four or five bands were shown in other groups (de Jonge et al., 
1986). Reports have been published that there is heterogeneity among different 
isolates afterwards (Merz et al., 1988). As two independent chromosomes may co-
migrate, the number ofbands observed should be regarded as the minimum number 
of fragments rather than the definitive number. Another possibility is that two 
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homologues of one chromosome may separate and lead to over-estimation of the 
chromosome numbers. 
The application of gene-specific probes solves this problem. Chromosomes of C. 
albicans were separated by OFAGE and then probed with ten gene-specific probes 
to the chromosomes (Magee et al., 1988a). Data indicated that C. albicans 
contains seven chromosomes. However, much effort has been exploited with 
physical and genetic map of C, albicans chromosomes generated by rare-cutting 
endonuclease Sfil (Table 1.1) (Chu et al.’ 1993). Recent mapping in the fungus 
clearly showed that there should be 16 functional units (eight pairs of homologous 
chromosomes) (Lasker et al” 1989; Wickes et aL, 1991; Doi, et al., 1992). The 
chromosomes are labelled from 1 (largest chromosome) to 7 (smallest chromosome), 
with chromosomes bearing the ribosomal DNA (rDNA) cluster labelled as R (Fig. 
1.4) (Magee, 1993). Migration of chromosome R varied from different isolates, 
either superimposes to chromosome 1 or separates from other (Wickes et al., 1991). 
1.4 Candidiasis 
Candidiasis is defined as any infections or diseases caused by Candida. C, 
albicans is commonly found in their role as human commensal. The 
12 
No. of Size (kb) Genes �chromosome 
R 3000 ADE1, CDC10, MGL1, RDN1 
1 3000 ACT1, LYS2, TRP1, CDC3, TUB2 
2 2600 HIS3, TMP1, ERG7, HEM3, PRA1 
3 2200 ADE2, IL V2, URA3 
4 1700 LYS1 
5 1200 CAGl,ERG16 
6 1070 ARS1,BEN1 
7 1020 ARG57,LEU2,DFR1 
Table 1.1 Linkage map of C. albicans. The chromosomes are named from the largest 
(chromosome R) to the smallest (chromosome 7). (Adapted from Chu, et al； 1993) 
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Fig. 1.4 Karyotype of C. albicans, Eletrophoretic karyotyping of C. albicans 
wild-type strains 1006 and WO-1. Note that the superimposition of chromosome R 
and chromosome 1. (Adapted from Kurtz and Schere, 1991) 
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gastrointestinal and vaginal tracts are believed to be its major habitat (Pla et al” 
1996). In fact, one ofthe early symptoms for the onset of AIDS in patients is the 
^development oforal candidiasis (Dupont and Drouhet, 1988; Cartledge et al； 1997). 
In case of immunodeficient or immunocompromised patients, the opportunistic 
fungus would become a highly infectious pathogen. The term 
"immunocompromised" describes individuals having defects in polymorphonuclear 
leukocytes (Saltarelli, 1989). In fact, vigorous immunosuppressive treatments for 
cancer or other disorders, long-term catheterization, the use of broad-spectrum 
antibiotics and longer survival of immunocompromised patient have raised the 
incidence of Candida infection significantly in the past few decades (Richardson, 
1991; Anaissie, 1992; Pfaller and Wenzel, 1992; Fox, 1993). Candidiasis can 
generally be divided into superficial and systemic candidiasis. 
1.4.1 Superficial candidiasis 
The keratinized layer of healthy skin is a physical barrier to invasion by Candida 
species. The normal sloughing ofthese cells dilutes the organisms, which colonize 
the skin from other sources. The gastrointestinal tract, vagina, and oral cavity can 
be reservoirs of Candida in normal individuals. Any breakdown of this barrier by 
physical damage or physiological stress can lead to superficial infection in patients 
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(Odds, 1988). 
�1.4.2 Systemic candidiasis 
Systemic candidiasis refers to cases where Candida is found in the bloodstream with 
or without tissue invasion, or to disseminated disease where single or multiple 
organs are the site of infection. Disseminated disease is seen primarily in the 
debilitated or immunocompromised host (Odds, 1988). Beside organ 
transplantation, patients with cancer, AIDS, diabetes mellitus, pancreatitis, hepatitis, 
systemic lupus erthyematosous, uremia, severe trauma or serious bum are 
susceptible to this kind of infection. 
1.4.3 Virulence 
The knowledge ofdimorphism in C. albicans is medically important and its invasion 
to host tissue involves several complex biochemical and cellular reactions (White et 
al., 1995). Epithelial, endothelial cells and extracellular matrix (ECM) are the first 
line of invasion; adhesion of C. albicans occurs at the outermost surface of these 
cells (Fukazawa and Kagaya, 1997). The major adhesins of C. albicans are the 
mannans and mannoproteins on the cell wall, and the integrin-like molecules are 
found to play a major role in anchoring the yeast to ECM. Screening, cloning and 
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characterization of C. albicans genomic library have recognized several genes 
related to adhesion (Gaur and Klotz, 1997; Fu et aL, 1998a; Fu et al； 1998b; 
Buurman et al., 1998) and deletion mutants of such genes altered anchoring 
properties and virulence (Gauz and Klotz, 1997; Watts et al., 1998). 
Secreted aspartyl proteinases (Saps) (Hensel et aL, 1995; White et al., 1995) are 
identified as another major virulence factor of C. albicans. Saps are produced in 
medium containing protein, for example keratin, collagen or mucin as the sole 
nitrogen source (Hube et al” 1997). At present, nine members of Saps (SAP1 to 
SAP9) have been found and all of them have been characterized and sequenced 
(Monod et al., 1998; Naglik et al； 1999). Disruption analyses of SAP1, SAP2 or 
SAPS reduced virulence (Hube et al., 1997). Another experiment of a triple 
disruption of SAP4, SAP5 and SAP6 greatly reduced the virulence of C. albicans 
(Sanglard et al., 1997a). To conclude, C. albicans attacks the host tissue by 
different mechanisms to enable its successful colonization. 
1.4.4 Multi-drug resistance 
Drug resistance has been noticed in different infectious diseases, for examples AIDS, 
tuberculosis and other bacterial infections (White et al” 1998). Nevertheless, 
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reports on fungal infections are believed to be one of the reasons of weakening the 
human immune system. Several types of antifungal drugs (Fig. 1.5) have been 
developed with different antifungal actions. 5-fluorocytosine (5-FC) is a toxic 
metabolite and destroys fungal cell (Vanden Bossche et al., 1994). Polyenes, 
azoles and allylamines attain antifungal activities by the action on ergosterol 
biosynthesis. Observations indicate that C. albicans possesses mechanisms to 
survive antifungals. 
Recent publications indicated that there is an increasing emergence of azole-
resistance in C. albicans isolates (Franz et al., 1998). As the primary target of 
azoles is the heme protein, which cocatalyzes cytochrome P-450-dependent 14a-
demethylation oflanosterol (Hitchcock et aL, 1990，Asai et cd., 1999)，inhibition of 
14a-demethylase leads to depletion of ergosterol and accumulation of sterol 
precursors. It alters the structure and formation of plasma membrane. Although 
the underlying mechanism for multi-drug resistance may be different, it would be 
credited to a family of ATP-binding cassette transporters and major facilitators. 
They prevent the accumulation of drug with in yeast cells by actively transporting 
them (Joseph-Home and Hollomon, 1997). Overexpression of these genes is 
detected in the presence ofantifUngals, such as CDR1 (Hemaez et aL, 1998; 
18 
OH 0 OH OH OH OH 0 
HOOC Y^^^^^J^^^^v^^xAs^^/V^^/J^N^/X^^/^ 
� H0''^> OH Amphoterfcrn B ' '^s^ 




？- C] r 一 々 
( V X ^ X ^ ^ ( V X ^ / Z 
06 00 
Naftifine Terbinafine 
N^^ O^H _N 0"""U 
T I 尸仪 ^ N / CI CH-C-CH,H^  I V ^ 
( ^ F >^=J ; ^ p " C , ^ 贫 
^ y 1——IcHrO-^ "^ N^^ ^^ C^H, 
FLUCONAZOLE KETOCONAZOLE 
0 c. 
' v T y ^ ' oi ?H, 
^ ^ c = z / __^ _ ^ _ ^ ^ N - C H - C H , - C H 3 
“ � Q ^ O 
ITRACONAZOLE 
Fig. 1.5 Several types of antifungal drugs. (Adapted from Vanden Bossche, 1991 ； 
KellyandKelly, 1993) 
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Krishnamurthy et al, 1998), CDR2 (Sanglard et aL, 1997b) and CaMDRl (Ben-
Yaacov et al., 1994). Deletion mutants of CDR1 and CaMDRl confirmed that they 
�are critical for pumping out of antifungal in C. albicans (Goldway et al., 1995; 
Krishnamurthy et al” 1995; Prasad et aL, 1995; Sanglard et al； 1996)，and 
transformants of these genes converts azole-hypersusceptible S. cerevisiae azole-
resistance (Franz et al.’ 1998). 
1.5 Parasexual genetics 
Since no sexual life cycle is found in C. albicans, neither haploid sexual mating 
partners nor sexual process has been observed, although an earlier publication 
claimed the discovery of haploid C. albicans (van der Walt, 1970). Classical and 
parasexual genetics have played an important role in genetics studies of C. albicans. 
The major components of parasexual genetics for the studies in C. albicans are 
mutant isolation, spheroplasts complementation and mitotic complementation 
(Poulter, 1987). 
1.5.1 Mutant isolation 
The first step to study the genetics of an organism requires the isolation ofdefective 
or mutant strains. With a diploid genome in C. albicans, traditional molecular 
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biology and genetic procedures such as isolation of haploid mutants, mating 
experiments of sexual partners are all useless. The diploidy of the yeast requires 
mutation in the gene of interest, from the wild-type C. albicans strain (+/+) to a 
heterozygote (+/-)• This heterozygous strain is converted to homozygous (-/-) 
through spontaneous or induced mitotic recombination. Alternative method via 
another round of mutagenesis of the remaining wild-type allele is also documented 
(Pla et al” 1996). Mutation and recombination can occur as a result of UV 
irradiation (Kakar and Magee, 1982), N-methyl-N-nitro-nitrosoguanidine (Kakar et 
al” 1983)，ethylmethane sulfonate (Poulter et aL, 1981) and nitrous acid (Sarachek 
and Bish, 1976). Several mutant enrichment methods for auxotrophs, based on 
amphotercin B treatment (Poulter et al.，1982), inositol starvation (Comer and 
Poulter, 1989) and folate pathway inhibitors, have also been developed. 
1.5.2 Spheroplast complementation 
Spheroplast complementation (Sarachek et al., 1981; Goshom and Scherer, 1989; 
Barton and Gull, 1992) is the second element of parasexual genetics. In this 
technique, two diploid Candida spheroplasts with different auxotrophs are fused in 
the presence of Ca^ ^ and PEG. More extensive information about linkage can be 
obtained by spheroplast fusion. The fusion products, or fusants, are selected in a 
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medium that permits the growth of neither of fusion partners. The genetic 
constitution of respective fusion partners can be examined by studying the fusants. 
The genetic characterization using spheroplast complementation in C. albicans has 
reported successes in different aspects, including adenine biosynthesis (Comer and 
Poulter, 1989; Poulter and Rikkerink, 1993)，5-FC resistance (Whelan, 1987b) and 
white-opaque transition (Gil et al., 1988; Chu et al., 1992). 
1.5.3 Mitotic complementation 
The formation of"twin-sectored" colonies results from the segregation ofreciprocal 
homozygosity in specific allele is the products of mitotic recombination. Studies 
on the M^riocus ofC. albicans provided genetic evidence of mitotic recombination 
(Whelan et al” 1980; Whelan and Magee, 1981). During induction, homozygous 
met/met could only be produced by heterozygous MET/met whereas MET/MET 
could not. 
1.6 Natural heterozygosity in C. albicans 
There is strong evidence in C. albicans for the occurrence of natural auxotrophic 
heterozygosity (Silver and Eaton, 1969; Whelan and Magee, 1981; Poulter, 1987; 
Whelan, 1987a). Heterozygosity defines the occurrence of two different types of 
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allele at a given locus that is, one functional allele and one defective allele for the 
respective locus (Fig. 1.6). 
The extent of natural heterozygosity has been demonstrated in several ways and a 
large number of clinical isolates are heterozygous for recessive mutations, which 
lead to auxotrophies (Whelan et al., 1980; Whelan and Magee, 1981). Experiments 
estimated that approximately 5 % of C. albicans isolates are heterozygous for one of 
the suf allele and that an additional 5 % are heterozygous for a variety of other 
mutations (Poulter, 1987). Since a limited spectrum of auxotrophs are generated 
when examined under UV irradiation, the frequencies of heterozygosity should be 
regarded as a lower limit of estimation. 
A very defined auxortroph spectrum was detected after UV irradiation, such that the 
auxotrophic mutants generated from a particular C. albicans isolate were the same 
(Table 1.2). One possible explanation for this phenomenon was that the strain was 
heterozygous and the treatment induced mitotic crossing over, rendering the 
recessive auxotrophic mutations homozygous (Whelan et al” 1980; Whelan and 
Magee, 1981). Exposure to UV irradiation acted as a recombinogen to induce 
homozygosity from pre-existing heterozygosity. Changes in temperature, 
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Fig. 1.6 Concept of natural heteroztgosity in C. albicans. Heterozygosity defines the 
occurrence oftwo different alleles at a given locus that is, one functional allele and one 
defective allele, denote by A/a. Mitotic crossing over leads to homozyosity to both 
alleles whereas gene conversion results in maintenance of A/a heterozygosity. 
(Adapted from Whelan, 1987a) 
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� 
Auxotrophic requirement Number of clinical isolates 
None 35 
Methionine 10 






Table 1.2 Strain-specific mutants in C. albicans after UV mutagenesis. A highly 
defined auxotrophic spectrum was detected after UV irradiation, such that the 
auxotrophic mutants generated from a particular C. albicans isolate were same. 
(Adapted from Whelan, 1987a) 
I 
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alternation of carbon source or resistance to 5-FC would also induce mitotic 
recombination. 
Natural heterozygosities have been exhibited at many loci in C. albicans, such as 
purine biosynthesis {ADE1 and ADE2) (Sarachek et al.，1981)，pyrimidine 
biosynthesis {URA3 and URA5) (Kelly et al., 1987), amino acids biosynthesis 
{ARGU ARG2, ILV2, ILV3 and ILV4) (Kakar and Magee, 1982) and sulphur 
metabolism (SFLl, SFL2 and SFA) (Kakar and Magee, 1982). 
f 
1.7 Adenine biosynthesis 
1.7.1 de novo pathway 
In the de novo pathway (Fig. 1.7), the precursor is 5-phosphoribosyl-l-
pyrophosphate (PRPP). Amination of PRPP produces 5-phosphoribosyl-1 -amine 
(PRA). ATP is used in the next step, which converts PRA to glycinamide ribotide 
(GAR). GAR is subsequently converted to N-formylglycinamide ribotide (FGAR), 
N-formlyglycinamidine ribotide (FGAM) and 5-aminoimidazole ribotide (AIR). 
AIR is then carboxylated to 5-amino-4-imidazole-carboxylic acid ribotide (CAIR) 
by the gene product ofADE2 gene. CAIR is then converted to 5-aminoimidazole-
4-N-succinocarboxamide ribotide (SAICAR) by the Adel protein. Following 
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Fig. 1.7 De novo biosynthetic pathway of adenine. The precursor is 5-
phosphoribosyl-1 -pyrophosphate (PRPP). ADE1 gene catalyzes the conversion of 
CAIR to SAICAR while ADE2 gene converts AIR to CAIR. Note the break point 
at IMP in the pathway. Abbreviations: PRPP: 5-phosphoribosyl-1 -pyrophosphate; 
PRA: 5-phosphoribosyl-1 -amine; GAR: glycinamide ribotide; FGAR: N-
formyglycinamide ribotide; FGAM: N-formglycinamidine ribotide; AIR: 5-
aminoimidazole ribotide; CAIR: 5-amino-4-imidazolecarboxylic acid ribotide; 
SAICAR: 5-aminoimidazole-4-N-succinocarboxamide ribotide; FAICAR: 5-
formaminoimidazole-4-carboxamide ribotide; IMP: inosinic acid; SAMP: 
adenylosuccinic acid; AMP: adenylic acid; XMP: xanthylic acid; GMP: guanylic 
acid; FH4: tetrahydrofolate. (Adapted from Henikoff, 1986) 
27 
f A " 
ribOifl-P 
G,HHj • |f0ffny) FH^ | |methenyl FH4 
�� >s r n - ^ ^ / f i 
� ' A T , AOP.P, n ^ / N V f ^ a Y 
P - ^ ^ ^ T X L . 0" R^n4 ^' 
nboH-P nboti-P > ^ \ m 
• E S / ^ / l AOP*P, /NAOPH 
1 V K / A^TPMwmoff f NADP^  
; > ' 去 h 头 ! ^ i > x ^ T v / ; p 
fitoii'P 4nP iTP "b�M.P 轟彻 ATP _«‘声 , I OH ’ OH t _ _ _ • 1 1 R'NH ^ R-N—CH, 
_ .^ _ � — _ \ g | [ . l t h ^ ' � ' L \ • � \ 
CV '¥严一 y \ J^NH, 
��� f5^ N»^ » � i U � \ § J f > < " " ' 
\ _ , : < ^ " _ � — � _ N ^ 一 Y 
ribotf-l* ATP AOP r»bMl-P irn6fm fM>OM,J> fib9U*P 
圓 ‘ ‘‘mm 國 EM 
，® ‘ MjO 
Aip4 0 
6TP .V^NH CO,H 60P K l j | _ • ' l^P.V^ N^N^M NAOH 
t 如》"命,L,.p ^ 0 ( T r _ < i T ” ' AMP \ X J ^ \M4^ GKiNM, AMP , _ V )_-p | _ ' p ^ t 
r ® 酬 _ ^ H j l 
< I > - < ： & . r'iboti-P 'i<>OM-^  
m 圍 
28 
subsequently conversion from SAICAR to 5-aminoimidazole-4-carboxamide 
ribotide (AICAR), 5-formaminoimidazole-4-carboxamide ribotide (FAICAR), the 
Tinal product is inosinic acid (IMP). After IMP formation, the pathway breaks to 
two directions, one to adenosine monophosphate (AMP) formation while the other 
leads to guanosine monophosphate (GMP) production (Voet and Voet, 1990). 
/ 
1.7.2 Salvage pathway 
Adenine, guanine and hypoxathine are released from nucleic acids during cell 
degradation. The free purines are re-entered into cell metabolism by salvage 
pathway. Adenine is first converted to AMP by combining with PRPP through the 
action ofadenine phosphoribosyltransferase, whereas hypoxanthine and guanine are 
converted to IMP and GMP respectively by the enzyme hypoxanthine-guanine ‘ 
phosphoribosyltransferase (Voet and Voet, 1990). 
1.7.3 Importance ofC. albicansADEl mdADE2 genes 
The gene product of ADE1 gene is phosphoribosylaminoimidazole 
succinocaboxamide synthetase and ADE2 encodes phosphoribosylaminoimidazole 
carboxylase. They catalyze the seventh and sixth step in the de novo pathway 
respectively. C. albicans ADE1 gene is found to locate at the middle of the long 
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arm in chromosome R whereas ADE2 resides at the end of the long arm in 
chromosome 3. � 
The adenine-requiring adel and ade2 auxotrophic mutants are practically important 
in C. albicans study. They display the characteristic red colour phenotype when 
i 
grow in medium containing limited amount of adenine (Fig. 1.8). As a result, they 
could be easily identified by naked eye. Exogenous supplement of adenine would 
alter them from red to white colour colonies (Poulter et al, 1981; Poulter and 
Rikkerink, 1983). Other types of Ade" mutants are white in colour. The red 
colour in adel and ade2 mutants is caused by the accumulation of metabolic 
intermediates. 
{ 
1.8 Aim of study 
My research project aimed at the molecular analyses of C. albicans CAI4 and the 
ADE1 gene. The research was designed to answer the following questions: (1) 
what is the genetic basis involved in the maintenance of natural heterozygosity in 
Candida albicans CAI4? (2) Is the mechanism used for natural heterozygosity in 
ADE1 system similar to that in ADE21 
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Fig. 1.8 Appearance of twin-sectored C. albicans adenine-requiring colonies, w 
denotes white sector; r denotes red sector. 
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Chapter Two Construction of disrupted C. albicans ADE1 gene 
2.1 Introduction � 
The ability to analyze yeast genetics at the molecular level has been increased 
enormously in recent years by the development of in vitro recombinant DNA 
/ 
technology and DNA transformation system. For those Candida genes of which 
mutant allele is available, it is now possible to construct a recombinant DNA 
molecule containing the target gene. Different auxotrophic mutants can be 
identified by low dose of UV irradiation as it induces pre-existing heterozygous 
alleles to homozygous through mitotic recombination (Poulter, 1987; Magee et aL, 
1988b). The most useful auxotrophic markers in C. albicans are the adenine-
deficient mutants adel and ade2. Both mutants can be simply identified by naked \ 
eye for their characteristic red colour when grown on agar media containing limited 
amount of adenine. 
The development of DNA transformation and homologous recombination allow 
modification of specific gene within fungal genome. One application of the above 
methodologies is targeted gene disruption. It involves the insertion of a selectable 
marker into the gene ofinterest and subsequent transformation into the host genome 
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via single gene replacement process (Kelly et al” 1987; Kelly et al., 1988). 
Disruption with UV-induced homozygosity (Gorman et al., 1991)，sequential gene 
�disruption (Kurtz and Marrinan, 1989) and gene disruption cassette (Alani et al, 
1987; Foniz and Irwin, 1993) fUrther advance the use of the method. However, 
cloning of selectable marker gene is also essential. 
Inverse PCR (Triglia et al, 1988) amplifies unknown sequences on either side ofa 
core region of known sequences. Different protocols have been published 
including intra-stranded end-to-end ligation (Ochman et aL, 1988), universal primers 
that are randomly targeted to partial complementary sequence (Sarkar et al., 1993) 
and capture PCR (Rosenthal and Jones, 1990; Lagerstrom et al., 1991; Rosenthal et 
al., 1991). I used inverse PCR to construct desired plasmid with insert 
adel::URA3::adel in vitro. 
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2.2 Materials and Methods 
2.2.1 Strains 
�C. albicans CAI4 {ADEHADE1', ura3::imm434/ura3::imm434) and plasmid pCUB-6 
was a gift from Dr. Fonzi (Fronzi and Irwin, 1993). K coli DH5a [supE44 Mac 
U169 (¢80 /flcZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl] (Hanahan, 1985) 
was used for manipulation and propagation ofplasmid. 
2.2.2 Construction ofplasmid pGEMTE-ADEl (Fig. 2.1) 
2.2.2.1 Isolation of Candida genomic DNA 
Genomic DNA of Candida cells was isolated by a modified glass beads method 
(Min et al., 1995). A single colony of Candida cell was inoculated in 50 ml pre-
warmed (30�C) YPG broth (1 % yeast extract; 2 % peptone; 2 % glucose) and 
allowed to grow at 30�C，200 rpm overnight. The cells were pelleted by 
centrifugation at 2,000 rpm for 10 min. and washed twice with sterile distilled water. 
The cells were finally resuspended in 1.5 ml of Lysis Buffer (50 mM Tris-HCl, pH 
7.4; 50 mM EDTA; 3 % SDS; 1 % p-MSH) and 1.5 gram of glass beads (0.45 mm, 
Jencons Scientfic Ltd.) was added. The mixture was vortexed vigorously for 5 min. 
and centrifuged at 3,000 rpm for 20 min. to separate cell debris and glass beads. In 
order to prevent blocking ofthe separation column, the supernatant was transferred 
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Fig. 2.1 Sequential steps for construction of pGEMTE-ADElA-URA3. 
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to a microcentrifuge tube and briefly centrifuged for 10 sec. to remove the cell 
debris completely. 
Genomic-tip 100/G (QIAGEN), an anion-exchanged resin column, was used for the 
DNA extraction. The column was first pre-washed by 4 ml QBT (750 mM NaCl; 
50 mM MOPS, pH 7.0; 15 % isopropanol; 0.15 % Triton® X-100), the solution was 
allowed to drain under gravity. After equilibration, the crude DNA sample was 
loaded to the column. The column was washed twice (2 x 7.5 ml) with QC (1 M 
NaCl; 50 mM MOPS, pH 7.0; 15 % isopropanol). Afterwards, 5 ml of 5 0 � C QF 
(1.25 M NaCl; 50 mM Tris.HCl, pH 8.5; 15 % isopropanol) was added to elute the 
genomic DNA. The flow-through was mixed with 10 ml of absolute EtOH 
overnight. DNA was precipitated by centrifugation at 3,500 rpm for 30 min. The 
pellet was air-dried and dissolved in 100 i^l TE. 
2.2.2.2 Isolation of C. albicans ADE1 gene from CAI4 
2.2.2.2.1 Amplification ofC. albicansADEl gene 
A PCR fragment flanking C. albicans ADE1 gene was amplified from genomic 
DNA of CAI4. The forward primer ADEl-F62 with the sequence: 5，AGA GTT 
AAA ACT GAA ATA ATT GCG CAC CCA 3，，and the reverse primer ADE1-
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R1257 with sequence: 5’ ATT GAA TGA AGA CAA TTC CCG GAT GGT TCT 
3’，corresponding to nucleotide position +62 to +92 and +1257 to +1227 
�respectively, were decided (Scherer and Grindle, 1993). A 50-|xl PCR reaction 
mixture used to amplify the ADE1 gene, contained 50 ng of CAI4 genomic DNA, 
0.5 i^M ofeach primer, 0.2 mM ofdNTPs, 5 i^l of 10 x PCR buffer (1 x PCR buffer: 
10 mM Tris.HCl，pH 8.3; 50 mM KC1; 1.5 mM MgCy and 2.5 U of Taq DNA 
polymerase. PCR was performed under the following condition: denaturation at 94 
� C for 2 min.; annealing at 52 °C for 1 min. and extension at 72 °C for 2 min., 35 
cycles; with final extension at 7 2 � C for 10 min. in PTC-100™ Programmable 
Thermal Controller (MJ Research). 
2.2.2.2.2 Purification ofPCRproduct 
The mixture was resolved by 0.8 % TBE agarose gel electrophoresis after PCR 
reaction, stained with EtBr and visualized under UV illumination. The 1.2 kb PCR 
product was recovered by a clean scalpel and was purified using QIAquick Gel 
Extraction Kit (QIAGEN) in accordance with the manufacturer's procedure. In 
brief, the excised agarose gel was weighed and three volumes of QG Buffer were 
added (assuming that 100 i^g is roughly equal to 100 i^l volume). The mixture was 
kept at 50�C with occasional shaking until the agarose had completely dissolved. 
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Afterwards, the dissolved mixture was loaded to the manufacturer's column and 
centrifuged at 14,000 rpm for 1 min. in table-top centrifuge for the binding ofDNA. 
� T h e flow-through was discarded and washed once with QG Buffer again. After 
then, 750 i^l ofPE Buffer was applied to the column and incubated for 5 min. The 
solution was removed by centrifugation as above. In order to remove the residual 
PE Buffer, the column was centrifuged for addition 1 min. The bound DNA was 
eluted by 30 i^l sterile distilled water with centrifugation at 14,000 rpm for 1 min. 
The eluted DNA was saved and stored at -20 °C. 
2.2.2.3 Cloning ofADEl gene into pGEMT-Easy vector 
2.2.2.3.1 Cloning vector pGEMT-Easy 
The commercial cloning vector pGEMT-Easy, 3 kb in size, was used (Promega). 
The vector is linearized at EcoKV and 3' thymidine overhangs are added to both 
ends in order to facilitate the cloning reaction. 
2.2.2.3.2 Ligation 
A 10-^ il ligation mixture contained equal molar amount of linearized pGEMT-Easy, 
the 1.2 kb PCR C. albicans ADE1 gene, 1 i^l of 10 x ligation buffer (1 x ligation 
buffer: 50 mM Tris HCl, pH 7.8; 10 mM MgCl2; 10 mM DTT; 1 mM ATP; 25 i^g/ml 
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BSA) and 400 U of T4 DNA ligase ^^ew England Biolabs). Ligation reaction was 
performed at 16�C ovemight. 
2.2.2.4 Transformation of E. coli DH5a cells 
2.2.2.4.1 Preparation ofcompetent E. coli DH5a cells 
A single colony ofE. coli DH5a cell was isolated from a freshly streaked LB agar 
plate (0.5 % yeast extract; 1 % NaCl; 1 % tryptone; 1.5 % bactoagar) and inoculated 
into 10 ml of LB broth to grow at 37 °C, 200 rpm ovemight. One ml of the starter 
culture was transferred to 100 ml LB broth and incubated at 37�C, 200 rpm for 3 to 
5 hours until OD550 � 0 . 4 5 . The cells were collected and chilled on ice for 15 min. 
at 4 � C . The cells were harvested by centrifugation at 3,500 rpm for 10 min. at 4 °C. 
The supernatant was removed and the pellet was resuspended by moderate pipetting 
in 40 ml RF1 (100 mM rubidium chloride; 50 mM MgClj； 30 mM potassium acetate; 
10 mM CaCl2; 15 % (w/v) glycerol; pH 5.8) and further kept on ice for 15 min. 
The cells were spun down again as above. The pellet was resuspended in 4 ml of 
RF2 (10 mM MOPS; 10 mM rubidium chloride; 75 mM CaCl2; 15 % (w/v) glycerol; 
pH 6.8). The resuspended cells were aliquoted for every 50 i^l into pre-chilled 
sterile microcentrifuge tubes. The competent cells were frozen in dry ice/absolute 
EtOH bath for 5 sec. and store at -70 °C for future use. 
39 
2.2.2.4.2 Plasmid DNA transformation 
Frozen competent E. coli DH5a cells were thawed on ice. One i^l of ligation mix 
� w a s dded and gently swirled to mix. The mixture was incubated on ice for 30 min. 
After incubation, the cells were heat-shock at 42�C for exactly 1 min. and then kept 
on ice for additional 2 min. Four hundreds and fifty ^1 of pre-incubated, 37 °C LB 
broth was added and the cells were shaken vigorously at 37 °C, 225 rpm for 2 hours. 
Aliquots were spread onto LB-amp plates (LB agar plates supplemented with 100 
^g/ml ampicillin) and incubated at 37 °C. 
2.2.2.4.3 Isolation ofplasmid DNA from E. coli (boil-prep, method) (Modified from 
Sambrook et al., 1989) 
Individual E. coli clone was picked with a toothpick and grown in 10 ml ofLB broth 
supplemented with 100 [xg/ml ampicillin at 37 °C, 200 rpm overnight. The cells 
were harvested by centrifugation at 2,500 rpm for 10 min. Supernatant was 
discarded and the pellet was resuspended in 100 i^l Suspension Solution (50 mM 
Tris HCl, pH 8.0; 25 % (w/v) sucrose). Six hundreds i^l ofMSTET Buffer (50 mM 
Tris HCl, pH 8.0; 50 mM EDTA; 5 % (v/v) Triton® X-100; 5 % sucrose) and 14 i^l 
oflysozyme [40 i^g/ml in Lysozyme Solution (50 mM Tris HCl, pH 8.0; 50 % (v/v) 
glycerol)] were added, mixed thoroughly and instantly boiled for exactly 1 min. 
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After boiling, the tubes were ice-chilled for another 2 min. The tubes were 
centrifuged at 16,000 rpm for 30 min. at 4 � C . The gelatinous-like pellet (containing 
�chromosomal DNA and cell debris) was carefully removed by toothpick. In order 
to precipitate the plasmid DNA, 600 ^1 of isopropanol was added and collected by 
centrifugation at 16,000 rpm for 15 min. Supernatant was discarded and the pellet 
was washed once with 70 % EtOH. The pellet was dried briefly and resuspended 
in 50 i^l of TE. The resultant construct was pGEMTE-ADE 1. 
2.2.3 Construction of pGEMTE-ADE 1A-URA3 (Fig. 2.1) 
2.2.3.1 Isolation ofC. albicans URA3 gene from plasmid pCUB-6 
A PCR product containing C. albicans URA3 gene was amplified from plasmid 
pCUB-6. The sequence of the gene was recorded in the NCBI database. The 
PCR fragment was amplified used primer F-URA3 with the sequence: 5，ATA GGA 
ATT GAT TTG GAT GG 3', corresponding to coding sequence position of URA3 
+8 to +27 and primer R-URA3 with sequence: 5，AAG GAC CAC CTT TGA TTG 
TA 3’，corresponding to coding sequence position +1360 to +1341. A 50-^1 PCR 
mixture was set as previous described except Pfu polymerase was used. PCR was 
carried out under the following conditions: denaturation at 9 4 � C for 1 min., 
annealing at 52.5�C for 1 min., and extension at 72�C for 2 min., 35 cycles; with 
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final amplification at 72�C for 10 min. 
� T h e PCR product was resolved by 0.8 % TBE agarose gel electrophoresis. The 
desired PCR product was purified using QIAquick Gel Extraction Kit (QIAGEN) as 
described above. 
2.2.3.2 Preparation of cloning vector pGEMTE-ADElA 
2.2.3.2.1 PCR amplification ofvector pGEMTE-ADElA 
An inverse PCR product was amplified from plasmid pGEMTE-ADEl (Fig. 2.2). 
The PCR primers, pGEMT-ADEl-F with the sequence: 5，GTG ATT CTA CCA 
CAT CAC CAA TTG GAA TAC 3', and pGEMT-ADEl-R with sequence: 5， 
GTG CTG CCA AGT ATA AAC TCG GAC AAT CAC 3，，which corresponding 
to the coding sequence ofADEl gene +510 to +480 and +781 to +810 were decided. 
PCR was done using the E x p a n d ™ Long Template PCR System (Boehringer 
Mannheim). A 50-^1 PCR mixture contained 50 ng of CAI4 genomic DNA, 0.5 
^M ofeach primer, 0.2 mM ofdNTPs, 5 i^l of 10 x PCR buffer 1 (1 x PCR buffer 1: 
10 mM Tris.HCl，pH 8.3; 50 mM KC1; 17.5 mM MgCl!) and 2.5 U of Taq DNA 
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‘ I pGEMTE-ADEl 1 
1 I . . , , J \ \ Inverse PCR for \ I 4.2 kb * X pGEMTE-ADEl \%^J \ 
�� 乂 Forward \ pGEMTE-ADElA primer X 4.0 kb ^ ^ \ ^ 
^ ^ ^ ^ ^ ^ Reverse 
primer 
丨 画 \ / 
^ / Ligation with 
/ URA3 gene / 1.4 kb / > 
Fig. 2.2 Inverse PCR. Inverse PCR is a system that amplifies unknown sequences on 
either side of a core region of known sequences. pGEMTE-ADEl was "linearized" at 
the middle oiADEL 
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polymerase. 
� P C R condition was divided into three steps. The first step was denaturation at 94 
°C for 2 min. It was followed by denaturation at 92 °C for 10 sec., annealing as 
usual at 56 °C for 30 sec., elongation at 68 °C for 3.5 min., repeated for 10 cycles. 
The final step involved 20 cycles, which PCR was carried out under following 
condition: denaturation at 92 °C for 10 sec., annealing at 5 6 � C for 30 sec., 
elongation at 68 °C for 3.5 min. with time extension of 20 sec. for each cycle 
followed; with final extension at 68�C for 7 min. 
The PCR product was resolved by 0.8 % TBE agarose gel electrophoresis and 
purified with QIAquick Gel Extraction Kit (QIAGEN) as describe above, denoted as 
pGEMTE-ADElA. 
2.2.3.2.2 Modification ofPCR vector pGEMTE-ADElA 
The fill-in reaction was made to the PCR product pGEMTE-ADElA fragment. To 
the purified PCR product, 2.5 i^l of 2 mM ZnCl2, 2.5 i^l of 2.5 mM dNTPs and 5 U 
ofDNA polymerase I large (Klenow) fragment C^ew England Biolabs) were added. 
The reaction was carried out at room temperature for 30 min., and terminated by the 
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addition ofEDTA (pH 8.0) to a fmal concentration of 10 mM and heated at 75�C for 
10 min. The reaction mixture was brought up to 500 i^l with sterile water and 
�equal vol. of phenol:chloroform:isoamyl alcohol (25:24:1) solution was added to the 
mixture, vortexed vigorously and spun down at 13,000 rpm for 5 min. The upper 
layer was transferred to a new tube and mixed well with equal vol. of chloroform 
solution. The mixture was centrifUged as previous and precipitated with absolute 
EtOH at -70 °C. DNA was spun down at 14,000 rpm for 1 hour at 4 °C. The 
pellet was dried and dissolved in sterile distilled water. 
2.2.3.2.3 Dephosphorylation 
The modified pGEMTE-ADElA was dephosphorylated in a 50-^il reaction mixture 
containing 5 i^l of 10 x NEBuffer 2 (1 x NEBuffer 2: 50 mM NaCl; 10 mM Tris HCl, 
pH 7.9; 10 mM MgClj； 1 mM DTT) and 5 U of calf intestinal alkaline phosphatase 
O^QW England Biolabs). The reaction was carried out at 37 °C for 30 min. and 
terminated by adding EDTA (pH 8.0) to final concentration of 5 mM and heated at 
7 5 � c for 10 min. The DNA was then purified by phenol:chlorofrom extraction 
and EtOH precipitation as previous described. The DNA pellet was air-dried and 
dissolved in sterile distilled water. 
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2.2.3.3 Cloning and isolation ofplasmid pGEMTE-ADElA-URA3 
A 10- i^l ligation mixture contained equal molar amount of dephosphorylated 
�modified vector DNA, URA3 gene fragment，1 ml of 10 x ligation buffer buffer (1 x 
ligation buffer: 50 mM Tris-HCl, pH 7.8; 10 mM MgCl】；10 mM DTT; 1 mM ATP; 
25 ^ig/ml BSA) and 400 U of T4 DNA ligase Q^QW England Biolabs). Ligation 
reaction was performed at 16�C ovemight and 1 \i\ of ligation mixture was used to 
transform E, coli as described above. The resulting plasmid was designated as 
pGEMTE-ADElA-URA3. 
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2.3 Results and Discussion 
ADE1 gene was amplified from the genomic DNA of C. albicans CAI4 cell using 
�Taq polymerase, and then cloned into pGEMT-Easy, which is linearized at EcoBN 
site with the addition ofa single thymidylate residue to both ends of restriction site. 
Since Taq DNA polymerase has a terminal transferase activity that preferentially 
adds adenine residue to the 3’ ends of PCR product, the single 3' adenylate 
extension can be used to clone into a vector containing complementary 3，thymidine 
overhangs (TA cloning). Such T-vectors can be prepared by enzymatic addition of 
a single thymidylate residue with either terminal transferase with ddTTP or Taq 
DNA polymerase with ddTTP. 
The resulting plasmid construct, pGEMTE-ADEl, is 4.2 kb in size and the contains 
C. albicans ADE1 gene. The construct was confirmed by restriction digestion with 
Notl (Fig. 2.3) which released the 1.2 kb insert and 3.0 kb vector. 
Since the plasmid does not possess any suitable restriction site within the ADE1 
sequence, inverse PCR is adopted for inserting C. albicans URA2> gene. 
Amplification ofplasmid DNA with primers designed specifically for the ADE1 
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•
^ 3.0kb 
^ 2.4 kb ^ 1.4 kb ^ 1.2 kb 
Fig. 2.3 Restriction digestion of pGEMTE-ADEl and pGEMTE-ADElA-URA3. 
Lane 1: PCR product ofADEl; lane 2: Notl digestion ofpGEMTE-ADEl; lane 3: PCR 
product of URA3; lane 4: Notl digestion of pGEMTE-ADE 1A-URA3. M denotes 100 
bp ladder and L denotes X-Hindlll digested ladder. 
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sequence and oriented outwards with respect to the ADE1, generating a product of 
ADE1 that flank the commercial vector sequence. In this manner, plasmid 
�pGEMTE-ADEl was "linearized" at the middle of ADE1 and the size of final PCR 
product is 4.0 kb. 
In order to attain the highest fidelity for such long PCR product, Expand^M Long 
Template PCR System was chosen. The system combines the proofreading activity 
of Pwo DNA polymerase with the high processivity of Taq DNA polymerase. 
However, due to the Taq DNA polymerase, non-specific 3'A overhangs is added to 
those PCR fragment, thus end-polishing is needed. Such modified PCR fragment, 
denoted pGEMTE-ADElA, was subjected to dephosphorylation to prevent self-
ligation and improve the ligation efficiency. 
A 1.4 kb fragment containing the C. albicans URA3 gene (Fig. 2.3) was amplified 
from plasmid pCUB-6, which Pfu DNA polymerase was used in the reaction. The 
advantage ofchoosing this polymerase is that it generates blunt-ended PCR products, 
which allows one-step cloning into the modified PCR fragment pGEMTE-ADElA. 
Because of its 3，to 5’ exonuclease activity, the enzyme provides maximum PCR 
fidelity and excises mis-incorporated nucleotides, which is important for phenotypic 
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selection after integration. 
�After ligation of the two PCR fragments, a 5.4 kb final construct, pGEMTE-
ADElA-URA3, contains a URA3 disrupted C. albicans ADE1 fragment 
(adel::URA3::adel), was generated. The final construct was confirmed by Notl 
digestion with sizes 3.0 kb and 2.4 kb (Fig. 2.3). Such in vitro engineered DNA 
fragment {adel::URA3::adel) can be readily integrated into the genome to examine 
the effects in vivo (Gow et al, 1994; Goldway et al,, 1995) of homologous 
recombination. Details of experiment are given in Chapter Three. 
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Molecular genetic study of organisms relies on generation and characterization of 
mutants, isolation ofhomologous genes and re-introduction oftarget genes into cells 
to illustrate their functions. Consequently, most of C. albicans genes were isolated 
through their homologous counterparts in S. cerevisiae. Several approaches have 
been taken, including complementation (Gillum et aL, 1984; Rosenbluh et cd., 1985)， 
sequence homology (Lott et aL, 1989) and the ability of certain C. albicans 
sequences to confer new phenotypes in Saccharomyces (Cannon et al., 1992). 
DNA transformation defines as a mechanism of genetic transfer into a cell, resulting 
in permanent hereditary changes. It links between the in vitro analysis of DNA and 
its in vivo function (Chaffin et aL, 1993). 
After the first report of yeast transformation in S. cerevisiae (Hinnen et aL, 1978) 
has been published, a list of different transformation protocols have been emerged, 
including the use of osmotically-fragile spheroplasts (Beggs, 1978; Harashima et al.’ 
1984), biolistic transfer using tungsten microprojectile coated with nucleic acid 
(Armaleo et al., 1990)，agitation with glass beads (Costanzo and Fox, 1988) and 
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electroporation (Karube et al, 1985; Delorme, 1989; Becker and Guarente, 1991; 
Chen et al； 1992;Grey and Brendel, 1992). 
Integrative transformation developed for C. albicans (Kurtz et al” 1986) shares 
many similarities with those used in S. cerevisiae. Transformation with 
autonomous replicating sequences (ARS) greatly enhances transformation 
frequencies (Kurtz et al., 1987). However, spheroplast transformation is time-
consuming, which also suffers from low transformation efficiency (0.5 to 5 
transformants per i^g DNA). The osmotically-fragile spheroplasts needs to be 
handled with care. DNA transformation using LiOAc (Ito et al., 1983) had been 
described in C. albicans (Schiestl and Gietz, 1989; Gietz et al., 1992), which no 
spheroplasts preparation is needed. The Li+ makes the yeast cells competent for 
DNA uptake (Fincham, 1989). 
Emerging of electroporation in intact yeast advances the traditional transformation 
method with comparable transformation efficiency (Hashimoto et al., 1985; Weaver 
et al., 1988). Transient high-permeability state of intact yeast cell has been 
extensively examined by uptake of fluorescence molecules. Electric pulse has been 
used for entrapment of macromolecules and in cell fusion experiments 
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(Zimmermann and Umovitz, 1987). Rapid membrane discharge, followed by a 
long-lived high-permeability state allows cells to uptake or release of molecules. 
A combined DNA transformation method ofLiOAc treatment and electroporation is 
described in this Chapter. A PCR product was used as the transforming DNA. 
Transformants were investigated and the fate of transforming DNA was studied. 
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3.2 Materials and Methods 
3.2.1 Strains 
�C. albicans CAI4 (ADE1/ADE1; ura3::mm434/ura3::imm434) was used as the 
recipient for DNA transformation. 
3.2.2 Transforming DNA 
A PCR product containing the disrupted ADE1 gene fragment (adel::URA3::adel) 
was amplified from the plasmid pGEMTE-ADElA-URA3 as described in Chapter 
Two. The PCR fragment was amplified using primer ADE1-F62 with the sequence: 
5，AGA GTT AAA ACT GAA ATA ATT GCG CAC CCA 3，，corresponding to 
coding sequence of ADE1 gene +62 to +92 and primer ADEl-R1257 with the 
sequence: 5，ATT GAA TGA AGA CAA TTC CCG GAT GGT TCT 3,， 
corresponding to nucleotide position +1257 to +1227. A 50-^1 PCR mixture 
contained 5 ng ofplasmid DNA, 0.5 |aM of each primer, 0.2 mM of dNTPs, 5 ml of 
10 X PCR buffer (1 x PCR buffer: 10 mM Tris.HCl, pH 8.3; 50 mM KC1; 1.5 mM 
MgCy and 2.5 U Taq DNA polymerase. PCR was carried out under the following 
conditions: denaturation at 9 4 � C for 1 min., annealing at 52.5�C for 1 min. and 
extension at 72 °C for 3 min. 30 sec” 35 cycles; with final amplification at 72 °C for 
10 min. 
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3.2.3 Purification ofPCR product 
After PCR amplification, the mixture was resolved by 0.8 % TBE agarose gel 
�electrophoresis, purified using QIAquick Gel Extraction Kit (QIAGEN) as described 
in Chapter Two. The pellet was resuspended in 30 t^l sterile distilled water. 
3.2.4 DNA transformation 
DNA transformation was performed by a modified electroporation protocol using 
square-waveform pulse (K6hler et al.’ 1997; Morschhauser et aL, 1998). A starter 
culture ofCAI4 was grown in 10 ml ofYM broth (0.3 % yeast extract; 0.3 % malt 
extract; 0.5 % bactopeptone; 1 % glucose) at 30�C, 200 rpm overnight. It was sub-
cultured (1:100) into 50 ml 30 °C pre-warmed YPG broth and allowed to grow until 
ODgoo � 1 . 0 . Forty ml of cells was spun down and washed twice with sterile 
distilled water by centrifugation at 3,000 rpm for 5 min. and finally resuspended in 
10 ml ofsterile distilled water. After that, 1.25 ml each of 1 M LiOAc and 10 x TE 
(100 mM Tris HCl; lOmM EDTA, pH 8.0) was added and the mixture was incubated 
at 30�C，150 rpm for 45 min. Then, 315 i^l of 1 M DTT was added and ftoher 
incubated for another 15 min. After completion, the cells were washed once with 
sterile distilled water, once with 30 ml of ice-cold sterile distilled water, once with 5 
ml of ice-cold 1 M sorbitol and resuspended in 100 i^l Of 1 M sorbitol. For each 
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transformation reaction, 40 ^1 ofthe cell suspension and 0.4 i^g/^ il ofPCR product 
were used. Electroporation was performed using E l e c t r o S q u a r e P o r a t o r T M T820 
�(BTX), pulsed at low voltage mode at 400 V with pulse duration of 25 ms. A 0.2-
cm electroporation cuvette (BTX Cuvettes Plus^ M Model 620) was used. After 
electroporation, 1 ml ofice-cold 1 M sorbitol was added and aliquots were spread on 
selective minimal plates (0.67 % YNB, 2 % glucose, 2.5 % Noble agar). The 
plates were kept at 30�C and transformants were visible after 4 to 6 days incubation. 
3.2.5 Transformation efficiency 
Electrical pulse length and amount of DNA were examined using combined DNA 
transformation procedure as mentioned above. 
3.2.5.1 Pulse length 
Forty ml of C. albicans cell suspension were aliquoted, mixed with 5 i^g of 
transforming DNA. Different pulse length of 2 ms, 5 ms, 10 ms, 25 ms, 50 ms and 
75 ms were applied. After electroporation at 400 V，1 ml ice-cold sorbitol was 
added and the cells were spread on selective minimal plates. The plates were 
incubated for 4 to 6 days at 30�C. The number of transformants were scored and 
recorded. 
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3.2.5.2 Amount ofDNA 
The experiment was carried as described above except the pulse length was set at 50 
�ms. The amount of DNA used was varied from 0.25 i^g to 8 i^g. The numbers of 
transformants were recorded after 4 to 6 days incubation at 30 °C. 
3.2.6 Southern analysis of transformants 
3.2.6.1 Isolation of Candida genomic DNA 
Genomic DNA of Candida cells was isolated by a modified glass beads method and 
Genomic-tip 100/G (QIAGEN) as described in Chapter Two. The DNA pellet was 
air-dried and dissolved in 100 i^l TE. 
3.2.6.2 Preparation ofCandida genomic DNA for Southern analysis 
Candida DNA was digested using restriction enzyme JScoRV in a 100- i^l digestion 
mixture containing 30 i^l ofgenomic DNA, 10 i^l of 10 x NEBuffer 2 (1 x NEBuffer 
2: 10 mM Tris HCl, pH 7.9; 10 mM MgCl2; 50 mM NaCl; 1 mM DTT), 1 i^l of 
RNaseA (10 mg/ml), 100 i^g/ml ofBSA and 20 U of EcoRV. Enzymatic digestion 
was performed at 37�C ovemight. One i^g of digested DNA from different strains 
was separated by 0.8 % TBE agarose gel electrophoresis and visualized using UV 
transilluminator. 
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3.2.6.3 Southern hybridization 
Nylon membrane (HybondTM-N+ Version 2.0, Amersham Life Science), same size 
� a s the gel, was first pre-wetted in distilled water for 10 min. and then transferred to 
/ 
the Denaturation Solution (0.4 N NaOH, 1 M NaCl) for another 10 min. 
After staining with EtBr, the agarose gel was first rinsed briefly in distilled water for 
5 min. It was then depurinated with 0.2 N HC1 for 5 min. to facilitate the transfer 
of high molecular size DNA fragments. The completion of process was indicated 
by the colour change of bromophenol blue (blue to green). The gel was rinsed 
three times in distilled water to remove trace residual acid and then submerged in 
Denaturation Solution for 45 min at 25 rpm. on a rotatory platform (Stuart 
Scientific). The capillary transfer setup was assembled (Fig. 3.1). An ovemight 
transfer was sufficient (Southern, 1975). 
On the following day, the transfer set up was dissembled. The nylon membrane 
was first rinsed with 5 x SSC (1 x SSC: 150 mM NaCl; 15 mM sodium citrate, pH 
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Fig. 3.1 Experimental setup for transfer of nucleic acids from agarose gel to 
nylon membrane. DNA molecule is transferred form agarose gel to nylon 
membrane by the action of capillary action of the transfer buffer. A weight is 
applied to facilitate the transfer action. (Adapted from Sambrook et al., 1989) 
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7.0) and dried on Whatman® 3 MM filter paper. DNA was fixed by placing the 
nylon membrane on a pad of Whatman® 3 MM paper soaked with 0.4 N NaOH 
^ solution with DNA side faced up. The membrane was then neutralized by 
Neutralizing Solution (750 mM NaCl; 250 mM Tris HCl, pH 7.2; 1 mM EDTA) for 
5 min. and further rinsed by 2 x SSC for 5 min. Subsequently, the nylon membrane 
was air-dried and kept for hybridization. 
3.2.6.4 Preparation of radioactive probe 
A 1.2 kb DNA fragment containing the C. albicans ADE1 gene was used as probe. 
The DNA fragment was directly isolated from plasmid pGEMTE-ADEl using Notl 
gSfew England Biolabs). A 50- i^l digestion mixture contained plasmid pGEMTE-
ADEl, 5 i^l of 10 X NEBuffer 3 (1 x NEBuffer 3: 50 mM Tris HCl, pH 7.9; 10 mM 
MgCl2; 100 mM NaCl; lmM DTT), 100 \xg/m\ of BSA and 10 U of Notl. 
Restriction digestion was performed at 37 °C for 1 hour. 
The Notl digested fragment was separated by 0.8 % agarose and the desired ADE1 
fragment was purified using QIAquick Gel Extraction Kit (QIAGEN) as described 
in Chapter Two. 
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3.2.6.5 Radioactive labelling of the probe 
The Notl fragment was radioactive labelled with [a-^^P]dCTP by nick translation 
(Rigby et al., 1977) using Nick Translation System (GIBCO BRL, Life 
TechnologiesTM) according to the manufacturer's instruction. Radioactive [a-
32p]dCTP was purchased from Amersham Life Science. A 45-^il reaction mixture 
contained 5 i^l DNA probe, 5 i^l ofradioactive [a-^^P]dCTP, 5 ml ofNucleotide Mix 
[minus dCTP] (0.2 mM each ofdATP, dGTP, dTTP; 500 mM Tris HCl, pH 7.8; 50 
mM MgCl2; 100 mM p-MSH) and 30 ^1 of distilled water. The reaction was 
started by adding 5 i^l of enzyme mix (0.5 U/^il DNA polymerase I; 0.4 mU/fil 
DNase I; 50 mM TrisHCl, pH 7.5; 5 mM magnesium acetate; 0.1 mM 
phenylmethylsulfonyl fluoride; 50 % glycerol; 100 ^ig/ml nuclease-free BSA), 
mixed gently and incubated at room temperature for 1 hour. The reaction was 
stopped by adding 5 i^l of Stop Buffer (0.5 M EDTA, pH 8.0). 
The unincorporated radioactive [a-^^P]dCTP was removed using Nick® Spin 
column (Pharmacia Biotech). The Sephadex G50 column was first equilibrated by 
2 ml of STE (100 mM NaCl; 10 mM Tris HCl, pH 8.0; 1 mM EDTA) and the gel 
inside was settled down by centrifugation at 500 g for 4 min. The radioactive 
mixture was carefully loaded on the flat gel surface and the column was centrifuged 
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at 500 g for 4 min. Radiolabelled DNA probe was eluted and collected. The 
labelling efficiency was about 80 %• 
3.2.6.6 Hybridization of nylon membrane 
The nylon membrane was pre-hybridized in 10 ml hybridization solution (50 % 
deionized formamide; 7% SDS, pH 7.2; 1 mM EDTA; 250 mM sodium phosphate) 
at 42 °C for at least 15 min. in a rotatory hybridization oven (Model 2000，Micro 
Hybridization Incubator, Ribbon Sciencific® Corp.). The purified, radiolabelled 
DNA probe was denatured by boiling for 5 min., quickly chilled on ice for 5 min. 
and added to the hybridization solution. The hybridization reaction was performed 
at 42 °C ovemight. 
3.2.6.7 Stringency washes 
After ovemight hybridization, the nylon membrane was first washed by 2 x SSC 
with 0.1 % SDS at room temperature for 20 min., and then washed by 0.5 x SSC 
with 0.1 % SDS at 65 °C in shaking water bath for 10 min. 
3.2.6.8 Auto-radiography 
The nylon membrane was wrapped by single layer of plastic wrap and exposed to X-
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3.3 Results and Discussion 
A DNA construct pGEMTE-ADE 1A-URA3 described in Chapter Two containing 
�modified C. albicans ADE1, denoted as adel::URA3::adel, was used to construct 
isogenic strains heterozygous at ADE1 locus. Since both chromosomal URA3 
alleles had been completely deleted in C. albicans CAI4 strain (ADE1/ADE1, 
u r a 3 : : i m m 4 3 4 / u r a 3 : : i m m 4 3 4 ) , the Ura cells failed to grow on minimal medium 
whereas successful URA3 transformants are able to grow on minimal medium. 
Both pulse length and concentration of DNA varied the transformation efficiency. 
The number oftransformants recorded increased with pulse length until it reaches 25 
ms and declined dramatically afterwards (Fig. 3.2). At pulse of 25 ms, the number 
of transformants was reached the maximum for 35 土 4 colonies (Table 3.1). The 
most likely reason is that increasing the pulse length increased the number of 
electroporated cells, but at the same time reduced cell survival. Futhermore, the 
higher the concentration ofDNA, the greater the number of transformants (Fig. 3.3). 
The number oftransformants responded directly with the amount ofDNA from 1 土 
0.5 colonies of 0.25^ig DNA to 12 土 1 colonies of 8 i^g DNA (Table 3.2), and no 
inhibitory effect ofhigh concentration ofDNA was found. 
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Fig. 3.3 Number oftransformants scored for different amount of 
transforming DNA at pulse duration 50 ms. 
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Pulse duration (ms) Number of transformants 
2 0 ± 0 





Table 3.1 Average number of transformants scored for 5 ^g of transforming 
adel::URA3::adel DNA vs pulse duration. 
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Amount of DNA ( i^g) Number of transformants 
0.25 1 士 0.5 





Table 3.2 Average number of transformants scored for different amount of 
transforming DNA with a pulse duration 50 ms. 
1 
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The combined transformation protocol possesses several advantages over previous 
methods: [1] it does not require preparation of spheroplasts, which is a time-
�consuming and laborious procedure. [2] Additionally, spheroplasts are fragile and 
difficult to handle, so extra care would be needed. [3] No PEG is used, as batch-to-
batch differences would greatly vary the recovery of transformants (Simon and 
McEntee, 1989). [4] Square-waveform pulse is used instead of traditional 
exponential-waveform. The reason for choosing square-waveform was that it 
provides longer pulse duration than exponential-waveform, thus increasing the 
transformation efficiency. The average transformation efficiency using PCR 
product was 10 to 20 transformants per |ig DNA. 
When genomic DNA oftransformants was analyzed by Southern hybridization, it 
was found that the transforming DNA successfully replaced one ofthe resident 
ADE1 alleles, resulting in heterozygous ADE1 derivatives (Fig. 3.4). As 
mentioned before, both URAS gene had been deleted form the recipient CAI4, so the 
Ura' auxotrophic mutant is ura3 homozygous. Therefore, when the Ura_ cells were 
subjected to genomic Southern analysis, no hybridization band was observed (data 
not shown). However, when the ADE1 gene was used as probe, a single 
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Fig. 3.4 Genomic Southern hybridization of among C. albicans recipient CAI4 
and its transformants. A single hybridization band of 2.4 kb was observed in 
CAI4 when probed with ADE1 PCR fragment. For transformant TADU2, TADU3 
and TADU7, an additional band was found with size 3.7 kb. Lane 1: CAI4; lane 2: 
TADU2; lane 3: TADU3, lane 4: TADU5 and lane 5: TADU7. 
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hybridization band of 2.4 kb was found (Fig. 3.4). This means the recipient cell is 
originally homozygous inADEI {ADEHADE1). 
Three Ura+ transformants, TADU2, TADU3 and TADU7, were randomly selected; 
analyses showed that they are heterozygous at ADE1 as two bands were revealed 
with sizes 2.4 kb and 3.8 kb. This increases in size is 1.4 kb, exactly matched the 
size of URA3 gene inserted in transforming fragment, showing that the incoming 
PCR product integrated into the genome and replaced one of the resident ADE1 gene, 
generated heterozygous ADE1 state {ADEl/adel::URA3::adel). The transforming 
C. albicans URAS gene is flanked by 510 bp ADE1 sequence at its 5，and 415 bp 
ADE1 sequence at the 3' terminus in order to prevent any ectopic and illegitimate 
recombination after entering cells. It was further confirmed by hybridization of C. 
albicans URA3 gene to all three transformants, which no additional hybridization 
signals was observed. The PCR product integrated into the fungal genome by 
homologous recombination involving double crossing over (Fig. 3.5). The highly 
recombinogenic DNA ends provides means for the gene replacement reaction 
(Rudolph et al., 1985). The integrative transformation can be applied to generate 
stable transformants or to develop gene-targeted disruption (Pla et al” 1996). Ura+ 
transformants were analyzed with UV irradiation and discussed in next Chapter. 
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Fig. 3.5 Schematic diagram of double crossing over. The PCR product integrated 
into the fungal genome by homologous recombination involving double crossing over. 
The highly recombinogenic DNA ends provides means for the gene replacement 
reaction. 
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Chapter Four UV mutagenesis of disrupted C. albicans 
� 4 . 1 Introduction 
With the development of molecular and genetic approaches, the complexity of 
mitotic and meiotic recombination has been one of the major studies on S. cerevisae 
and other fungi (Holliday, 1964; Hastings, 1988; Petes et al., 1991; Colot et al., 
1996). 
As described in Chapter One, natural heterozygosity is commonly found in clinical 
isolates of C. albicans, which a biased spectrum of homozygous recessive mutants 
were detected from a heterozygous locus after UV irradiation. Mitotic 
recombination ofheterozygous locus {A!d) leads to homozygous offspring {A!A and 
a!d). The recessive homozygotes {ala) are usually lost as they are less competitive 
or even lethal. Non-lethal recombinants can be identified and recovered as 
sectored colonies. Experiment showed that the recombinants are the segregative 
products of heteroduplex DNA (hDNA) formed during mitotic recombination 
(Ronne and Rothstein, 1988). The hDNA is known as an intermediate in most 
recombination models (Holliday, 1964; Radding, 1982; Hastings, 1988; Orr-Weaver 
et al； 1988). It facilitates the correct alignment of homolgous DNA strands, 
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resolution of hDNA leads to either crossing over (reciprocal exchange of genetic 
information) or gene conversion (non-reciporal exchange of genetic information) 
�(Holliday, 1964; Hastings, 1988). 
Gene conversion is a kind of genetic recombination process, occurs in both meiosis 
and mitosis. It does not follow Mendelian segregation of heterozygous alleles, 
which is characterized by non-reciprocal transfer of genetic information from one 
DNA duplex to its homologue (Szostak et al； 1983; Sun et aL, 1991). Mismatch 
repair model (Holliday, 1964; Radding, 1982) and gap repair model (Szostak et al, 
1983; White and Haber, 1990; Sugawara and Haber, 1992) were hypothesized; both 
ofthem involved the formation and resolution of Holliday junctions. 
Both parity (Fogel et al； 1981; Willis and Klein, 1987) and disparity (Wills and 
Klein, 1987; Zahn-Zabal et aL, 1995; Lamb, 1998) of gene conversion has been 
revealed in early publications. Previous investigations in C. albicans (Tsang et al, 
1999) and C. krusei (Cao et al., 1997) have illustrated clearly that gene conversion, 
with the help of mitotic crossing over, caused the loss of adenine heterozygosity. 
After UV irradiation, over 50 % of the white sector of the redAvhite (r/w) twin-
sectored colonies were heterozygous at ADE2, possessing its parental genotype of 
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ADE2/ade2. The participation of gene conversion skews to l+:3m segregation 
pattern at ADE2. Heterozygous ADE2 strains were constructed, revealing that 
�conversion t  the mutant allele was much more frequent than conversion to the wild-
type allele. The system is much favour to l+:3m conversion than 3+:lm 
conversion. 
Although previous results suggested that gene conversion help to preserve 
auxotrophic heterozygosity, it is worth studying whether the high frequency ofgene 
conversion is a unique feature at ADE2 or a general phenomenon within the 
Candida genome. 
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4.2 Materials and Methods 
4.2.1 Strains 
�C. albicans URA3 prototrophic recipents TADU2, TADU3 and TADU7 described in 
Chapter Three were used as recipent for in the genetic study 
4.2.2 Generation of recombinants by UV irradiation 
Three single colony ofUra+ transformants were randomly chosen and grown in 10 
ml YM broth at 3 0 � C until mid-log phase (ODgoo ~ 0.8). The exact cell number 
was determined by hemacytometer counting and 10^  cells were spread onto YM+U 
plates (YM plates supplemented with 50 ^g/ml of uridine). The plates were 
immediately irradiated by UV radiation at a dosage of 0.180 mWatts cm^ec"\ as 
measured by an IL1430 health hazard radiometer (International Light, MA) for 75 
sec. (Cao et aL, 1997). The plates were kept in 3 0 � C until colonies were visible. 
Twin-sectored colonies were scored and recorded. 
The sectors from white/white (w/w) and r/w sectors were selected separately and 
purified to single colonies on YM+U plates. 
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4.2.3 Analysis of twin-sectored colonies 
4.2.3.1 Replica analyses of twin-sectored colonies 
‘The auxotypes oftwin-sectored colonies were determined by replicas on GSB plate 
(1.5 % glucose; 0.1 o/o ammonium sulphate; 0.2 % potassium dihydrogen phosphate; 
0.005 % magnesium sulphate; 0.005 % CaCl】；0.001 % biotin; 1.5 % Noble agar), 
GSB+A (GSB plates supplemented with 0.3 mM of adenine), GSB+U (GSB plates 
supplemented with 50 \xg/m\ ofuridine), GSB+A+U (GSB plates supplemented with 
0.3 mM adenine and 50 i^g/ml uridine) and YM+U agar plates. Ninty-nine clones 
were tested on each plate and all plates were incubated at 30�C. The segregation 
pattem (both colony colour and auxotrophic requirement) of segregants in different 
media was compared and analyzed. 
4.2.3.2 Southern analysis of segregants 
DNA from twin-sectored segregants was extracted and digested with EcoRV O^ew 
England Biolabs). Digested genomic DNA was resolved by 0.8 % agarose and 
analyzed with Southern hybridization. The Notl digested ADE1 fragment of 
pGEMTE-ADEl was used as probe. Southern analysis was done as described in 
Chapter Three. 
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4.3 Results and Discussion 
C. albicans is an obligate diploid organism with no known sexual cycle. It 
�provides an invaluable system to examine genetic mechanisms in mitotic 
recombination, as no interference from meiotic recombination exists. 
The insertion of C. albicans URA3 gene nullifies the ADE1 allele. Meanwhile, it 
also tags the disrupted allele with an easily selectable marker. The red adel marker, 
accompanied with the auxotrophic URA3 marker, provides means to trace for the 
recombination pathway. Three major mitotic recombinants, homozygous 
ADE1/ADE1, heterozygous ADEHadel:: URA3::adel and homozygous 
adel:: URA3: :adel/adel:: URA3: :adel, exhibit distinct phenotypes on replica plates. 
Wild-type ADE1/ADE1 homozygotes are Ade+Ura' in white colour; 
ADEl/adel::URA3::adel heterozygotes are Ade+Ura+ in white colour and mutant-
type adel::URA3::adel/adel::URA3::adel homozygotes are AdeUm+ in red colour. 
Therefore, the genotypes of recombinants can easily differentiate by colony colour 
and growth on replica plates. 
In theory, different recombination pathways give rise to different recombinants and 
thus allow calculating the dominancy of different recombination pathways (Fig 4.1). 
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Fig. 4.1 Recombination pathways of heterozygous ADEHadel:: URA3: :adel strains. 
Four different paths are shown in the graph. Path I: mitotic crossing over; path II: 
3+:lm gene conversion; path III: l+:3m gene conversion and path IV; no recombination. 
Twin-sectored colonies are grouped together by an &• + denotes wild-type alelle 
























































































































































































































































Both mitotic crossing over (Fig. 4.1，path I) and l+:3m gene conversion (Fig. 4.1， 
path II) generate r/w twin-sectored colonies. However, the phenotype ofthe white 
‘sectors is Ade^Ura' in case of crossing over and is Ade+Um+ in case of gene 
conversion. On the other hand, 3+: 1 m gene conversion (Fig. 4.1, path III) produces 
w/w twin-sectored colonies, with one of the white sectors retains the parental 
phenotype of Ade+Ura+ and the other of Ade+Ura . Recombination could also be 
found in loci other than ADE2, w/w twin-sectored colonies would be resulted and 
both white sectors retain the parental auxotype Ade+Ura+. Taking together, all 
major recombinants could be readily distinguished by auxotyping and colour ofthe 
colonies. 
The genotypes ofthe recombinants would be tested by replica plates (Fig. 4.2). For 
homozygous wild-type ADE1/ADE1, it would not grow either on minimal medium 
GSB or GSB supplement with adenine, but is able to grow on GSB supplement with 
uridine. For heterozygous ADEl/adel:: URA3: :adel, it would grow on all kind of 
plates. In case of adenine defective strains, homozygous mutant-type 
adel:: URA3: :adel/adel:: URA3::adel, would not grow on GSB or GSB 
supplemented with uridine but grow on GSB supplement with adenine. 
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GSB GSB+A GSB+U GSB+A+U 
ADE1/ADE1 _ _ + + 
ADEl/adel:: URA3: :adel + + + + 
adel::URA3::adel/ 一 + 一 + 
adel::URA3::adel 
Fig. 4.2 Replica analyses of different segregants. Homozygous ADE1/ADE1, 
/ heterozygous ADEl/adel:: URA3::adel and adel:: URA3::adel/adel:: URA3::adel 
homozygotes could be differentiated by observing their growth on different media. +: 
growth; - : no growth. 
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The heterozygous strains TADU2, TADU3 and TADU7 were treated with UV 
irradiation, all segregants were recorded and the distribution of colony types among 
�survivors was summarized (Table 4.1). The single, red colonies were adel mutants 
(Tsang et al., 1999), which were confirmed by auxotyping. Both red and white 
sectors were individually purified from a total of 348 r/w twin-sectored colonies for 
determination of their phenotypes. All the genotypes of red sectors from r/w twin-
sectored colonies were confirmed to be homozygous adel::URA3::adel by testing 
on GSB plus adenine plates. However, auxotyping of the corresponding white 
sectors revealed that 149 (42.8 %) of them grew on GSB, denoting that they were 
Ade+Ura+ with the genotype of ADEl/adel::URA3::adeL With 178 (51.1 %) of 
the white sectors failed to grow on GSB but grew on GSB with uridine, implying 
that they were Ade+Ura_ and carried the genotype of homozygous wild-type ADEL 
The remaining 21 white sectors (6.1 %) were unable to grow on GSB+A+U plates, 
indicating that they contained additional mutations (Table 4.2). 
In order to check for the purity of the sectors within the twin-sectored colonies, 
sectors from twin-sectored colonies with different phenotype were randomly chosen 
and purified. The entire colonies were taken out as completely as possible without 
touching neighbouring sectors. For each of three selected white sectors with the 
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TADU2 TADU3 TADU7 Total 
Single red colonies 732 pairs 957 pairs 1021 pairs 2710 pairs 
(2.60 %) (3.45 %) (2.90 %) (2.98 %) 
r/w twin-sectored 832 pairs 825 pairs 881 pairs 2538 pairs 
colonies (2.96 %) (2.98 %) (2.50 %) (2.79 %) 
w/w sectored 1532 pairs 1738 2232 pairs 5502 pairs 
colonies (5.45 %) (6.27 %) (6.33 %) (6.04 %) 
Total UV 28122 pairs 27702 pairs 35236 pairs 91060 pairs 
segregants 
Table 4.1 Survival pattern of UV-induced segregants of TADU2, TADU3 and 
TADU7. 
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TADU2 TADU3 TADU7 Total 
MDE1/ADE1 
and 50 pairs 58 pairs 70 pairs 178 pairs 
adel::URA3::adel/ (46.30 %) (55.77 %) (51.47 %) (51.15 %) 
adel::URA3::adel 
^ADEl/adel:: URA3: :adel 
and 55 pairs 35 pairs 59 pairs 149 pairs 
adel::URA3::adel/ (50.93 %) (33.65 %) (43.38 %) (42.82 %) 
adel::URA3::adel 
2"d Mutation 
and 3 pairs 11 pairs 7 pairs 21 pairs 
adel::URA3::adel/ (2.77 %) (10.58 %) (5.15 %) (6.03 %) 
adel::URA3::adel 
Total sectors investigated 108 pairs 104 pairs 136 pairs 348 pairs 
^Segregants of mitotic crossing over 
Segregants of l+:3m gene conversion 
Table 4.2 Genotypes ofsectors in r/w twin-sectored colonies in TADU2, TADU3 
and TADU7. 
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phenotypes of Ade+Um., about 10^  cells were spread on GSB plates. No viable 
cells, which would have the phenotype of Ade+Ura+，were detected. Likewise, 
‘three white sectors with the phenotype of Ade+Ura+ were plated out for about 10^  
cells on 5-FOA plates. Since no cells survived, which means that cells with 
genotypes of ura3/ura3 were absent. These results clearly indicated that no mixed 
population of different genotypes were found within a given white sectors in twin-
sectored colonies. White sectors from ADE1/ADE1 or ADEHadel::URA3::adel 
colonies did not come from contamination of adjacent cells or a second, 
unmutagenized parental cells. 
Genomic Southem Hybridization was used to confirm the genotypes of different 
sectors (Fig. 4.3). Ade+Ura+ white colony (TADU3-A+U+)，Ade+Ura_ white colony 
(TADU3-A^U) and Ade"Ura^ red colony (TADU3-AU0 were randomly chosen. 
DNA was purified, digested by EcoRY and hybridized with the 1.2 kb C. albicans 
ADE1 gene. The hybridization signal verified that Ade+Ura_ cells are ADE1/ADE1 
homozygotes; the white Ade+Ura+ cells are heterozygous in ADE1 and the red Ade_ 
Ura+ colonies are adel::URA3::adel/adel::URA3::adel. 
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8 7 6 5 4 3 2 1 
^ ^ I K * * ^ ^ H H 
^ ^ | ^ ^ ^ B ^ Q ^ ^ ^ ^ ^ ^ H ^ 3.8kb 
P ^ ^ | ^ H ^ ^ ^ ^ ^ m ^ " 2.4kb 
Fig. 4.3 Genomic Southern hybridization ofTADU2 and TADU3 sectors. Lane 2 to 
4 and lane 6 to 8 are sectors form TADU2 AND TADU3 respectively. Lane 2 and 6: 
both are Ade+Ura_; lane 3 and 7: both are Ade+Ura+; lane 4 and 8: both are AdeUra+. 
Lane 1 and 5 are CAI4 containing phenotype Ade+Um_. ADE1 PCR fragment was used 
as probe. 
87 
To summarize our results, 42.8 % (149/348) of white sectors in r/w twin-sectored 
colonies were heterozygous at ADE1 and therefore were generated by l+:3m gene 
‘conversion; 51.1 % (178/348) ofthe white sectors were the reciprocal products of 
crossing over. The results suggested that the frequencies of mitotic crossing over 
and gene conversion were similar in the ADE1 system with respect to r/w twin-
sectored formation. 
Depending on which allele is used as the template during recombination process, the 
direction of gene conversion can skew to either l+:3m or 3+:lm ratio. Using wild-
type ADE1 allele as template would lead to 3+:lm recombination whereas using 
mutant-type adel::URA3::adel as template would favour l+:3m segregation pattern. 
In other word, the frequencies of 3+:lm and l+:3m gene conversion can be readily 
predicted by comparing the segregation patterns among w/w sectored colonies. 
Total 1155 pairs of w/w twin-sectored colonies were purified from the UV 
segregants of TADU2, TADU3 and TADU7 (Table 4.3). The majority of 983 pairs 
(983/1155 or 85.2 %) of both white sectors within the same colonies retained the 
original genotype ofADEl/adel::URA3::adel and no recombination was detected at 
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TADU2 TADU3 TADU7 Total 
*ADE1/ADE1 34 pairs 34 pairs 39 pairs 107 pairs 
and (8.76%) (8.50%) (10.63%) (9.26 %) 
ADEl/adel:: URA3: :adel 
2"^  Mutation 21 pairs 32 pairs 12 pairs 65 pairs 
and (5.41 %) (8.00 %) (3.27 %) (5.63%) 
ADEl/adel:: URA3::adel 
^ADEl/adel::URA3::adel 333 pairs 334 pairs 316pairs 983 pairs 
and (85.83 %) (83.50 %) (86.10 %) (85.11 %) 
ADEl/adel:: URA3::adel 
Total sectors investigated 388 pairs 400 pairs 367 pairs 1155 pairs 
'Segregants of3+:lm gene conversion 
^ 0 recombination 
Table 4.3 Genotypes of sectors in w/w twin-sectored colonies in TADU2, TADU3 
and TADU7. 
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ADE1 locus. The recombinant phenotype of AdeTJra- was evidenced in 107 pairs 
(107/1155 or 9.3 %)，which were carried genotypes of ADE1/ADE1 and 
‘ADEl/adel:: URA3: :adel respectively. Second mutations were observed in the 
remaining 65 pairs (65/1155 or 5.6 %)• 
While comparing the results with r/w twin-sectored colonies with w/w sectored 
colonies, the ratio between l+:3m and 3+:lm gene conversion could be predicted. 
A total of510 cases (107 x 5502/1155) of3+:lm gene conversion were generated 
among all the UV segregants. On the other hand, l+:3m gene conversion were 
calculated to 985 cases (149 x 2538/384) (Tables 4.1 and 4.2) among survivors. 
The result indicated that the recombination biases towards gene conversion of 1+: 
3m to that of conversion to 3+:lm. 
After subtracting the results from the second mutations, the prevalence of different 
recombination event may be predicated. The occurrence of mitotic crossing over is 
49.55 o/o (51.15/(51.15+42.82+9.26) x 100 %). For mitotic gene conversion, 
l+:3m gene conversion participates for 41.48 % (42.82/ 103.23 x 100 %) whereas 
3+:lm gene conversion is 8.97 % (9.26/ 103.23 x 100 %). The results are thus 
compared to the ADE2 system (Fig. 4.4). 
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!；!；! ADE1 system 
國 A D E 2 system 
86.6 
i : I . 
！.- 1 I 
i t l i ; ^ . s % l : : f e % . 
l+:3w GC 3+:lm GC Crossing-over 
Recombination events 
Fig 4.4 Recombination frequencies in A D E 1 and A D E 2 systems. Note that, the 
recombination frequency of gene conversion was similar to that of crossing over in 
the ADE1, which was different to the ADE2 (Tsang et al., 1999), where gene 
conversion skews to l+:3m segregation pattem atADE2. 
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The results in ADE1 system showed a different picture to in ADE2 system (Tsang et 
al., 1999). Although both ADE1 and ADE2 system showed preferred 
“recombination to l+:3m gene conversion (Fig. 4.1，path II)，the frequency was 
much higher in ADE2 system. The results also indicated that the frequencies of 
mitotic crossing over and gene conversion were similar in ADE1 system respect to 
r/w twin-sectored colonies formation. On the contrary, the ADE2 system had a 
preference towards l+:3m gene conversion (Fig. 4.1, path II). 
Different locations ofADEl mdADE2 gene may account for the divergence oftwo 
systems. As described in Chapter One, ADE1 gene is located at the middle of long 
arm in chromosome R whereas ADE2 gene resides at the end of chromosome 3. 
For the ADE2 locus, a single crossing over between centromere and the marker 
ADE2 would cause homozygosis of all genes distal to the point of crossover, 
including the homozygosis of recessive lethal alleles (Whelan and Soll, 1982). The 
localized event (Pete et al., 1991)，gene conversion, saves the yeast by non-
reciprocal exchange of genetic material form one strand to another. Such high 
frequency of gene conversion was also recorded at the am locus in Neurospora 
crassa (Bowring and Catcheside, 1996). On the other hand, based on the 
occurrence of second mutation, it is speculated that there is the absence of such 
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lethal mutation in ADE1 system and thus the recombinants were still viable. A 
comparable frequency ofmitotic crossing over was thus recorded 'mADEl system. 
Mitotic gene conversion is regarded as a by-product during DNA repair (Pete et al., 
1991) and can be explained by modified double-strands break (DSBs) model 
(Szostak et aL, 1983; Sun et al., 1991). The model, as known as gap repair model, 
is initiated with a double break in one DNA duplex, and a gap harboured by 3， 
single strands is expanded by exonucleases. One 3' end invades the homologous 
duplex, forming a D loop. Repair synthesis continues until the other 3，end anneal 
to its homologous single stranded sequences. Completion of gap repair process 
results in the formation of two Holliday junctions (Fig. 4.5). Both UV and X-rays 
irradiation are well-known recombinogens, which induces nicks to DNA strands and 
increase the frequency ofmitotic recombination significantly (Pete et al., 1991). 
When comparing the pattem of l+:3m and 3+:lm gene conversion, both ADE1 and 
ADE2 systems showed a preferential conversion to l+:3m gene conversion, with a 
stronger disparity in ADE2 system. Such high recombination frequency in ADE2 
may be due to the unique features of the 5，and 3' regions at the ADE2 locus. 
Special DNA sequences, "hotspot" sequences (Keil and Roeder, 1984) or structures 
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Fig. 4.5 Double-strand breaks repair model. (1) A double-strand cut is made 
in one duplex and a gap flanked by 3' single strands is formed by the action of 
exonucleases. (2) One 3，end invades a homologous duplex, displacing a D loop. 
(3) The D loop is enlarged by repair synthesis until the other 3’ end can anneal to 
complementary single-stranded sequences. (4) Repair synthesis from the second 3 ’ 
end completes the process by gap repair and branch migration results in the 
formation of two Holliday junctions. Resolution of two junctions by cutting either 
inner or outer strands leads to two possible non-crossover (5) and two possible 
crossover (6) configurations. (Adapted from Szostak et al； 1991) 
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(Gordenin et al； 1993) may be present. The presence of URA3 insertion seemed to 
be inert during the recombination process, which remained questionable in previous 
^ ADE2 system. The disparity in recombination process was believed to biased 
mismatch repair (Weng et al., 1996) where factor(s) controlling the direction ofgene 
conversion in yeast remain elusive. Recent studies suggested neither the types of 
mutations involved nor the location of the mutation controlled the direction of gene 
conversion (Lamb, 1998). 
To conclude, gene conversion plays a significant role in both ADE1 and ADE2 
systems in the maintenance of heterozygosity in this asexual diploid C. albicans. 
The high frequency of l+:3m gene conversion may be a crucial genetic organization 
for this organism to adapt to a new environmental niche. Finally gene conversion 
prevents the loss of defective alleles in the gene pool throughout the course of 
evolution (Whelan et al., 1980; Whelan and Kwon-Chung, 1988). 
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Chapter Five Concluding remarks and perspectives 
� T h e opportunistic pathogenic fungus C. albicans possesses a unique life cycle that 
includes clonal propagation and absence of meiosis. Classical molecular genetics 
are hindered in this organism due to its diploid state and the lack of sexual life cycle. 
Developments of parasexual genetics and DNA transformation system helps to 
improve genetic dissection of this human fiingal pathogen. 
This study aimed at dissecting the molecular basis ADE1 heterozygosity in C. 
albicans, which was thought to be comparable to the ADE2 gene. Both 
auxotrophic Ade_ mutants are visible by naked eyes. Using DNA transformation 
techniques, disrupted allele was readily integrated into Candida genome (Chapter 
Three). Successful integration was confirmed by Southern hybridization to 
specific probe. The targeted gene disruption generates heterozygotes or 
homozygotes in define locus, thus allowing dissection of the gene function in vivo. 
C. albicans devoid of meiosis offers a crucial environment to examine mitotic 
recombination without the interference of meiotic recombination. Heterozygous 
loci (A/A) give rise to homozygous recombinants (A7A or a/a) by different means. 
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The a/a homozygotes may be less competitive, or detrimental as recessive lethal 
alleles had been reported. Such recessive alleles would then be lost in gene pool. 
‘Nevertheless, heterozygous loci can still be found in natural isolates of C. albicans. 
Two engineered strains, ADEl/adel::URA3::adel and ADE2/ade2::URA3::ade2, 
were constructed to disclose the responsible cellular mechanisms (Chapter Four). 
Biochemical and genetic data from these two systems indicated that gene conversion 
plays a significant role in the maintenance of recessive alleles in the gene pool in the 
course of evolution. The prevalence of l+:3m gene conversion may be critical for 
this organism to adapt to new environmental niche and preserves natural 
heterozygosity. 
The strong disparity of gene conversion to ade2 allele may be correlated to special 
DNA sequences or structures located 5，upstream or 3’ downstream. Comparative 
sequencing of the flanking regions among the appropriate strains would probably 
catalog the polymorphisms to this aspect, such that the "hotspot" in C. albicans 
ADE2 and ade2 alleles may also be discovered. Targeted gene disruption to 
"hotspot" sequence would offer an opportunity to dissect the genetic and 
biochemical mechanisms underlining mitotic recombination. 
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Comprehensive sequence of ADE1 and ADE2 flanking regions may also help to 
discover "hotspot" sequence for mitotic gene conversion. With either one of those 
�sequences are found to affect the frequencies of recombination, swapping of those 
sequences between ADE1 and ADE2 may provide opportunities to examine such 
sequences in vivo. Results from such analyses could be compared to previous data 
from Tsang et al. and the frequency ofmitotic recombination may thus alter between 
those two system. 
Mitotic recombination is induced by UV irradiation in described system. 
Chemicals such as 5-FC, hydrogen peroxide or EtBr have been documented in 
previous articles, as agents to induce recombination. Since the DNA adducts 
produced by these recombinogens are different, they can be used to substitute UV 
irradiation to determine whether the recombination is restricted. The 
recombination frequencies of both gene conversion and crossing over in all these 
systems could also be recorded. They may serve as guideline in future for 
experiments involving recombination or LOH in somatic cells. 
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